Background: Photonic crystal fiber Mach-Zehnder modal interferometers based on no adiabatic tapered fibers are perspective for bio-chemical sensing, since they have very high refractive index sensitivity and it is possible for them to use a very small quantity of investigated samples. To obtain a desirable sensitivity to a needed analyte, it was proposed to coat a sensing surface of the refractive index sensor with ultra-thin films. Methods: In this work, we reported on a no adiabatic tapered special photonic crystal fiber coated with an ultrathin layer of a Bovine Serum Albumin (BSA) antigen or with an 8 nm palladium film to detect interaction between the BSA antigen and an anti-BSA antibody or for fast detection of hydrogen concentrations, respectively. Results and conclusion: During our experiments, we received a record detection limit of 125 pg/ml of the anti-BSA antibody concentration. Fast detection of hydrogen concentrations up to 5.6 vol% was carried out. By using a proposed electrodynamics model of a hydrogen sensor, an optimal taper sensing length was determined.
Background
Photonic crystal fiber [1] Mach-Zehnder modal interferometers (PCF MZMIs) based on no adiabatically tapered silica PCFs [2, 3] first were used for a high-resolution refractive index sensing of liquids with indices ranging from 1.33 to 1.45 [2] . It is also known that the PCF MZMIs are temperature-independent up to 180°C [4] . PCF MZMIs based on no adiabatically tapered fibers are attractive for bio-chemical sensing, because they can have a very small sensing length [2, 3] . To obtain a specific sensitivity for a chosen analyte in a complex composition, it was proposed to coat a sensing surface of a refractive index (RI) sensor with a layer of an active component, characterized with a high affinity to the chosen analyte.
Sensor fabrication and operating mechanism
We employed for fabrication of our tapers a home-made PCF consisting of a solid core surrounded by four rings of air-holes in the cladding arranged in a hexagonal pattern [5] . A micrograph of our PCF cross section is presented in Fig. 1 (left) . We used a PCF with the following parameters: outer diameter of 125 μm, core diameter of 11 μm, average hole diameter of 2.7 μm, average hole spacing (pitch) of 5.45 μm. To fabricate a taper, the fiber is heated and stretched. The waist of the PCF (the thinnest part of a taper) are reduced until the air hole collapse [2] , obtaining a piece of a solid fiber with the diameter ρ W~l ess than 33 μm. The solid fiber can support multiple modes (waist modes). The beating of these modes inside the solid fiber is sensitive to an external environment. The resulting fundamental mode in the final transition zone (right part of Fig. 1 ) carries the interference information generated at the tapered zone to the detector. We consider for simplicity only two waist modes for the interference with effective refractive indices, n 1 and n 2 . In this case, the taper intensity output is [6] :
where I 1 and I 2 are the intensities of the interactive modes, respectively, and Δθ is the phase difference between them. This phase difference depends on the difference between the effective mode refractive indices (Δn = n 1 -n 2 ) and the length of the waist L 0 :
where λ is the central wavelength of the light source used. The maxima of the interferometer transmittance will appear at 2πΔnL 0 /λ = 2πm, where m is an integer. A change of refractive index of a surrounding medium can be visualized as a shift in the output spectrum pattern [3] . We found that additional losses at tapering of our PCF were typically less than 3 dB. We implemented for testing of our tapers a setup consisting of an LED with peak emission at 1550 nm (or 1280 nm) and about 80 nm of spectral width and an optical spectrum analyzer (OSA), Ando AQ-6315E. Usually, about 30 cm of the PCF were fusion spliced between standard single-mode fibers (SMF-28). We fabricated a PCF tapered section by heating of a PCF section with an oscillating high-temperature flame torch and slowly stretching it. For PCF tapering, a Vytran GPX3400 also can be used. In all experiments the tapered PCF section was held straight.
Results and discussion
Highly sensitive bio-sensing For our biosensor experiments, we used a PCF taper with a waist length L 0 = 10 mm and a waist diameter ρ W = 18.1 μm. To fabricate the taper, we applied a Vytran GPX3400 glass processing machine. The pulling speed at tapering the fiber was kept at 1 mm/s and the heat was arranged at 90 W. An LED source with a center wavelength of 1550 nm and an OSA, Ando AQ-6315E, were used to make the SM-PC-SM fiber transmission spectrum measurements. A special work cell was designed with a working volume of 50 μl and a cavity length of 13 mm to measure small volumes of investigated solutions with our fiber sensor. Before biosensor experiments, we tested a sensitivity of our device for bio-sensing RI range using a sodium chloride (NaCl) diluted in a distilled water in the following concentrations, 0.0, 0.2, 0.4, 0.6, 0.8, and 1 M. Calculated refractive indices of investigated solutions at 1550 are, respectively, 1.30864, 1.31104, 1.31339, 1.31569, 1.31794, and 1.32014 [8] . Figure 2 (a) shows that transmission peaks shift to longer wavelength as the refractive indices of the NaCl solutions increase. For the analysis of the peak shifts we selected a peak 1. Correlation of the peak 1 maxima (between 1538 and 1548 nm) with the respective RI of investigated solutions is shown in Fig. 2(b) . It is possible to see that we achieved a sensitivity of 722.3 nm/RIU (with a linearity of 0.9965). Such a sensitivity can be compared with other sensors known. To evaluate the performance of our device for a biosensor application, antigen-antibody tests were carried out. The bovine serum albumin (BSA) antigen was chosen in our experiments. The immobilization process (covalent binding between the BSA antigen and the activated tapered silica surface was conducted like the one presented in [9] . The activation of the taper surface with an aminosilane APTES was carried out preliminary. The biosensor tests were conducted at room temperature (about 25°C) by using the (anti-BSA) diluted in phosphate-buffered saline (PBS) buffer at different concentrations (125, 12.5, 1.25, and 0.125 ng/ml). We conducted the following procedures.
Step 1: Application of the tris (hydroxymethyl) (TRIS) buffer for 3 min to clean the taper surface.
Step 2: Removal of the TRIS buffer, application of the PBS, and making a measurement of the optical spectrum that corresponds to the baseline.
Step 3: Removal of the PBS buffer, application of the desired anti-BSA solution, and taking measurements for 10 min. We have found in our previous experiments that after about 8 min of interaction the variation of shifts can be neglected. The procedures were repeated for samples with different concentrations of anti-BSA. The difference in a wavelength shift between a baseline peak and the same peak, obtained after 8 min of sample interaction, we related to the sample concentration. The results of our biosensor application, where the magnitude of the response is approximately proportional to the anti-BSA concentration is shown in Fig. 3 .
It is possible to see in Fig. 3 that by using our sensor it is possible to measure very low anti-BSA concentrations, with a detection limit of 125 pg/ml, which is lower, for example, than the similar one reported in [10] . Kinetics of BSA antigen-antibody interaction is seen. It is necessary also to point out that our sensor is capable to detect a specific protein inside a complex sample (with different protein solutions). The increased sensitivity in our case is received, since the BSA molecules were immobilized onto the taper surface that has exponentially higher IR sensitivity than areas farther away. The proposed sensor also has a much lower detection limit comparing with those reported in [11, 12] , which have detection limits of 10 ng/ml and 1.1 ng/ml, respectively. It was found that the estimated maximum resolution of our sensor was around 1 × 10 − 2 ng/ml, considering resolution of our spectrum analyzer of 0.05 nm. It is necessary to point out that at using an OSA with a higher resolution an enhanced resolution of our measurements is also possible. For concentrations of anti-BSA between 0.125 and 125 ng/ml we did not have any saturation in a sensor response, see Fig. 3 . It is also possible to see in this figure that the spectral shift has highly nonlinear dependence on the anti-BSA concentration. It is necessary to remind that in Fig. 2 we received a linear dependence of our sensor response, when any chemical binding between NaCl solutions and a silica surface was absent. That means, the BSA-antibody binding process has a great impact on our sensor response.
Hydrogen detection
The evanescent fields of PCF propagating waist modes can be changed with different ultra-thin films deposited on a PCF taper. If refractive or absorption indexes of the films are changed under action of external environment, output spectra of a PCF taper will be also changed. In this section the sensing of hydrogen is demonstrated. It is known that hydrogen is explosive in air at a room temperature and pressure at concentrations starting from about 4 vol.% [13] . So, for safety reason it is important a fast detection of hydrogen at low concentrations. It is well known that, when a palladium (Pd) or Pd-alloy film is exposed to hydrogen (H), it is converted to PdH with changing refractive and absorption indexes of a resulting composite material [13] [14] [15] . Such changes are possible to monitor at using the developed PCF tapers [6, 16] . For fast detection of low hydrogen concentrations, an eight nanometer palladium film was deposited on the waist of a tapered PCF (with ρ W = 28 μm) over a length L 0 = 10 mm. The film was deposited in a high-vacuum chamber by thermal evaporation.
To make the SM-PC-SM fiber transmission spectrum measurements, we used an LED source with a central wavelength of 1280 nm (with 80 nm of spectral width) and an optical spectrum analyzer (OSA), Ando AQ-6315E. Measured transmission spectra of the taper with an 8 nm thick palladium film, which was placed in a nitrogen atmosphere with a hydrogen concentration between 1.2 and 5.6 vol%, are presented in Fig. 4 . It is seen in Fig. 4 that, when the device was exposed to hydrogen concentrations 1.2 to 5.6 vol%, the intensity of the transmitted spectrum peaks increases in a nonlinear manner. The sensor response time was approximately 10 s. Also, a noticeable shift in the output spectrum patterns is absent. It is necessary to point out that at hydrogen concentration more than 6% the transmitted spectrum is similar to that at 5.6%. It means that saturation of the 8 nm thick palladium film takes place. To explain the behavior of the transmission spectra, it was proposed an electrodynamics model accounting for diffraction transformation of local waist modes [17] . Calculation results for the spectral taper transmittance obtained by taking into account m ≥ 9 local waist modes are presented in Fig. 5 .
It is seen in Fig. 5 that an increase of the hydrogen concentration leads to a growth of integral transmittance of the sensor and practically does not affect wavelength positions of transmittance extrema. In such conditions, it is interesting to optimize the sensor from the standpoint of maximizing the sensitivity of its integral transmittance P to a hydrogen concentration C. We investigated possibilities of a sensor optimization by changing the length of the taper waist L 0. Figure 6 shows the calculated normalized sensor transmittance versus C for experimental and optimal L 0 (left) and a sensor sensitivity (dP/dC) C = 0 versus waist length L 0 (right). It is possible to see in Fig. 6 (left) that the intensity at the output of the sensor is monotonously increasing function of the hydrogen concentration and calculated results are in good accordance with experimental ones (circles). It is possible also to see in Fig.  6 (right) that at L 0 = 6.375 mm exists a sensitivity maximum for the investigated sensor. Besides, in the transition from the experimental waist length L 0 = 10.00 mm to the optimal value L 0 = 6.375 mm, both the transparency and sensitivity of the sensor essentially grow. The existence of a clearly expressed maximum sensitivity of the sensor at L 0 = 6.375 mm follows from Fig. 6 (right) . 
Conclusions
In this paper, we report on compact photonic crystal fiber Mach-Zehnder modal interferometers based on no adiabatically tapered special silica fibers, which were coated with an ultra-thin Bovine Serum Albumin (BSA) antigen or an 8 nm palladium film to detect, respectively, the interaction between the BSA antigen and an anti-BSA antibody with a record detection limit of 125 pg/ml of the antibody concentration or for fast detection of low hydrogen concentrations, between 1.2 and 5.6 vol%. Using a previously developed electrodynamics model, accounting for diffraction transformation of local modes in the taper coated with the 8 nm palladium film, we interpreted obtained experimental data. It was confirmed that an increase of a hydrogen concentration in a nitrogen atmosphere between 1.2 and 5.6 vol% leads to an increase of integral transmittance of the investigated hydrogen sensor and practically does not affect wavelength positions of transmittance maxima. An optimal taper sensing length L 0 = 6.375 mm was determined for the investigated hydrogen sensor.
